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1.  SUMMARY 

Theories  of  strained-bond  semiconductors  and  superconductors  have  been  developed 
that  promise  to  have  significant  impact  on  future  electronic  devices  of  interest  to  the  Air 
Force.  These  include:  (a)  development  of  a  theory  of  high-temperature  superconductivity 
based  on  the  idea  of  strained-layer  superlattices,  (b)  elucidation  of  the  physics  of  doping  in 
Type-II  semiconductor  superlattices,  which  is  now  central  to  the  development  of  high-speed 
field-effect  transistors,  (c)  a  theory  of  dimerization  and  reconstruction  on  (001)  semicon¬ 
ductor  surfaces,  (d)  theory  of  Mdbius  transforms  as  applied  to  physics  and  remote  sensing, 

(e)  new  understanding  of  how  defects  affect  the  vibrational  properties  of  semiconductors, 

(f)  new  methods  of  efficiently  computing  the  trajectories  of  atoms  in  semiconductors  by 
a  priori  molecular  dynamics,  (g)  elucidation  of  the  criteria  affecting  quantum-well  lumi¬ 
nescence  from  Si,  (h)  models  of  the  effects  of  vacancies  in  large-gap  AfxGa^_xN  alloys, 
(i)  physics  of  rare-earth-doped  silicon,  (j)  models  of  Co  adsorption  to  silicon  surfaces,  (k) 
theories  of  how  defects  affect  the  properties  of  large  band-gap  superlattices,  and  (1)  models 
of  the  effects  of  electronic  structure  on  the  properties  of  semiconductors. 

2.  OBJECTIVES 

Our  goal  has  been  to  develop  tlieones  of  semiconductor  and  superconductor  materials 
that  will  lead  to  a  better  understanding  of  the  physics  of  these  materials,  for  potential 
application  to  devices  of  interest  to  the  Air  Force. 


3.  STATUS  OF  RESEARCH 
We  have  made  progress  on  the  following  problems: 

a.  Superconductivity 

Wc  have  dcvclopod  a  theory  of  high-temperature  superconductivity  that  can  explain 

many  data  (250,295,308,310,317,318,320,321],  and  can  even  predict  phase  boundaries.  Us¬ 
ing  pair-breaking  by  rare-earth  magnetic  impurities  as  a  probe  and  analyzing  voluminous 
data,  we  have  shown  that  the  superconductivity  is  rooted  in  the  vicinity  of  dopant  oxygen, 
not  in  the  cuprate  planes  (as  widely  believed),  of  the  high-temperature  superconductors. 
This  idea  will  lead  to  the  overthrow  of  the  leading  conventional  models,  all  of  which  assume 
that  the  superconductivity  is  rooted  in  the  cuprate  planes  —  despite  the  fact  that  many 
high-temperature  superconductors  exist  which  have  neither  layered  structures,  cuprate 
planes,  nor  copper.  Hence,  our  model  explains  why  a  successful  theory  for  interpreting 
data  has  been  so  long  in  coming:  everyone  has  been  assuming  that  the  superconductivity 
originates  in  the  cuprate  planes,  when  in  fact  it  is  rooted  in  the  chain  layers  of  materials 
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such  as  YBa2Cu30x  with  x=s7.  Our  theory  ascribes  the  superconductivity  to  oxygen  that 
is  under-charged  or  “neutral”  in  a  sense,  and  so  predicts  that  there  will  be  entire  new  classes 
of  high-temperature  superconductors.  It  raises  the  possibility  that  superconductors  can  be 
integrated  with  semiconductor  devices  and  operate  at  reasonable  temperatures  [310].  The 
basic  idea  underlying  our  model  is  that  the  layered  high-temperature  cuprate  superconduc¬ 
tors  are  strained-layer  superlattices,  whose  cuprate  planes  are  under  compressive  strain, 
and  whose  “charge-reservoir”  oxygen  layers  are  under  tensile  strain.  The  oxygen  then  can 
liberate  holes  which  participate  in  BCS-like  superconductivity.  Cooper  pairs  (of  holes) 
are  formed  via  the  polarization  field  of  the  host,  which  has  two  main  spectral  features:  a 
soft-mode  (strong-coupling)  pairing,  and  an  cxcitonic  (O-^  4-  2h~i~  — *  0®)  mode.  Both  of 
these  are  associated  with  the  presence  of  “neutral”  oxygen. 

Experiments  are  under  way  to  test  our  model,  and  the  preliminary  results  are  all  very 
positive. 


b.  Type-II  superlattices 

The  physics  of  defects  in  Type-II  superlattices  has  been  worked  out  and  applied  to 
the  InAs/AfxGaj_xSb  [278,279,284,298,307].  We  predict  that  antisite  defects  that  axe 
normally  thought  of  as  shallow  or  deep  acceptors  can  dope  the  InAs  quantum  wells  of 
this  system  n-type!  These  results  are  being  employed  to  develop  high-speed  field-effect 
transistors  by  Motorola. 


c.  Dimerized  (001)  surfaces 

The  Si(001)  surface  dimerizes  into  long  rows  of  dimers.  The  GaAs(001)  anion- 
terminated  surface  prefers  rows  of  about  length  three  dimers.  (The  cation-terminated 
surface  is  predicted  to  bulge  without  reconstructing.)  We  have  developed  a  general  the¬ 
ory  of  (001)  semiconductor  surfaces  which  shows  that  the  length  of  the  dimer  rows  on 
the  anion-terminated  surfaces  decreases  with  ionicity.  Thus  there  is  competition  between 
the  covalent  forces,  which  attempt  to  make  long  rows,  and  ionic  forces  which  attempt 
to  form  a  NaCMike  structure  on  the  surface.  This  is  one  of  the  first  general  theories  of 
semiconductor  surface  reconstruction. 

d.  Inverse  problems  and  Mobius  transforms 

One  of  the  classic  problem  of  physics  has  been  to  invert  signals  detected  remotely  to 
determine  the  nature  of  the  source.  (For  example,  can  a  plane  flying  over  a  field  detect 
the  infra-red  spectrum  radiated  from  the  field  and  determine  if  it  is  coming  from  a  cow 
or  a  tank?)  We  have  been  at  the  forefront  of  the  development  of  Mobius  transforms 
for  inverting  such  problems,  and  have  developed  new  transforms  especially  well-suited  to 
physical  applications  [270]. 

e.  Phonons  associated  with  defects 

The  theory  of  lattice  vibrations  associated  with  defects  in  semiconductors  is  an  old 
field,  but  we  have  found  some  new  physics  in  it,  by  investigating  the  normal  modes  as¬ 
sociated  with  defects.  It  turns  out  that  some  of  these  modes  have  remarkable  properties, 
from  the  viewpoint  of  basic  physics.  We  are  hoping  that  various  experiments  will  test  our 
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theories  (252,255,263]. 


f.  Molecular  dynamics 

We  have  developed  a  new  kind  of  a  priori  molecular  dynamics,  which  has  much  of  the 
theoretical  validity  of  local  density  theory,  with  the  computational  facility  of  tight-binding 
theory  [262,271,272].  This  method  allows  us  to  simulate  processes  in  semiconductors,  such 
as  growth,  defect  migration,  and  surface  relaxation. 

g.  Silicon  quantum-well  luminescence 
The  criteria  for  developing  silicon  quantum-well  luminescent  devices  have  been  devel¬ 
oped  and  clarifiod  [280]. 


h.  Vacancies  in  A^xGnj_xN 

The  likelihood  that  visible  light-emitters  will  be  preferentially  fabricated  from  IITV 
nitrides  has  caused  us  to  examine  the  role  of  vacancies  in  A^xGa^_xN  Our  theory  led  to 
explanation  of  numerous  phenomena  [282]. 

i.  Rare-earth  doped  silicon 

We  have  developed  a  physically  transparent  theory  of  the  electronic  structure  of  raxe- 
carth  doped  silicon,  and  have  computed  defect  energy  levels  [299].  This  work  has  laid  the 
foundation  for  studies  of  rare-earth  doped  III- V  semiconductors. 

j.  Adsorption  of  cobalt  on  silicon 

We  have  developed  a  “ring-cluster'’  model  for  adsorption  of  Co  on  Si.  This  is  one  of 
the  first  models  of  metal  adsorption  in  a  transition-metal  silicidc,  and  is  fully  consistent 
with  scanning  tunneling  microscopy  observations  [289]. 

k.  Defect*  in  large-gap  semiconductors 

ZnSe,  GaN,  AfS,  and  diamond  are  but  a  few  of  the  large-gap  semiconductors  that  offer 
promise  as  potential  light-cmitters/dctcctor*  in  the  visible.  Wc  have  developed  theories 
relevant  to  these  materials,  with  an  eye  toward  efficient  evaluation  of  their  properties 
[282,291,302,303]. 


t.  Electronic  structure  issues 

We  have  developed  the  theory  of  semiconductors,  especially  imperfect  semiconductors, 
is  a  variety  of  ways,  including  studies  of  deep  levels  [261,285],  the  relative  importance  of 
(001)  and  (111)  superlattices  for  efficient  luminescence  [286],  how  to  probe  sub-surface  lay¬ 
ers  with  a  scanning  tunneling  microscope  [288],  the  physics  of  amorphous  semiconductors 
[258],  and  models  of  Schottky  barriers  [251]. 
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